Investigation of the properties of two different silicate materials, namely MCM-41, with one-dimensional, cylindrical pores (4.04 nm diameter), and Na-magadiite, with a bidimensional, layered structure (1.67 nm between layers) was carried out. These materials may be used as sorbents, and their polarity is determinative to the kind of applications they may be employed at. Pyrene, which presents a vibronically resolved emission spectrum, was used as a fluorescent probe to give information on the polarity of these silicates voids. The ratio of band intensity at 383 nm (band 3) to that at 373 nm (band 1) is known to diminish as the polarity of the medium increases. Pristine sorbents and pyrene-adsorbed ones were characterized by thermogravimetric analysis and X-ray diffraction. UV-VIS emission spectra of included pyrene were recorded at temperatures ranging from 10 to 300 K, and from comparing the I 3 : I 1 ratio it was found that Na-magadiite internal sites correspond to a less polar medium than those in MCM-41. This is in accordance with the thermogravimetric data, which shows that a larger amount of pyrene was included in Na-magadiite, despite its smaller dimensions. Yet, excimer emission, usually a concentration dependent phenomenon, was mainly observed for the MCM-41 samples. Upon temperature lowering, pyrene molecules move to other sites of different polarities, towards an intermediary value for both materials.
Introduction
In 1992, scientists announced a new family of mesoporous molecular sieves named M41S. 1, 2 These materials may be synthesized from a variety of silica sources, and prepared as silicates or aluminosilicates. Contrary to other mesoporous materials, they show regular pore size distribution, with variable, and most importantly, controllable sizes, ranging from 1.5 nm to more than 10 nm. One member of this family is MCM-41, whose structure resembles that of hexagonally arranged pipes ( Fig. 1c, insert) .
Magadiite is a naturally occurring crystalline silicate, [3] [4] [5] [6] [7] that can also be synthesized in the laboratory. 8, 9 It is a member of a family of silicic acids with general formulae Na 2 OÁ(4-22)SiO 2 Á (5-10)H 2 O, which also includes makatite, 10 kanemite, octosilicate and kenyaite. Generally, their structures comprise silicate layers separated by hydrated sodium cations (Fig. 1a, insert) . Each of these materials is characterized by a basal spacing varying from 0.9 to 2.0 nm, and a particular silicate layer thickness. 11 Mesoporous materials play an important role in host-guest chemistry, as well as in catalysis. 12, 13 Recently they have been considered as promising candidates for extraction of polyaromatic hydrocarbons from water. 14 It is expected that the sorption capability of these materials is related to the polarity of their sites. Their large surface area and internal voids have particular physicochemical properties that determine their possible applications and should be studied accordingly. One way to assess these voids is by using chemical probes. The usual pore sizes and interlayer distances allow for a series of different species to be used. From a spectroscopic point of view, pyrene is an interesting probe, as it presents a well structured, i.e. vibronically resolved, fluorescence spectrum. Laser radiation at 337.1 nm promotes it from the electronic ground state S 0 to the first singlet excited state S 1 , resulting in intense fluorescence, easily detected even by the naked eye. 15 Kalyanasundaram and Thomas showed that the vibronic components in 373 nm and 383 nm are very sensitive to the polarity of the surroundings where pyrene molecules are located. 16 This is an example of the so called Ham effect, where symmetry-forbidden bands are intensified in polar solvents. 17, 18 Dong and Winnik observed the spectra of pyrene in 94 different solvents and, based on the ratios between these bands intensities, created the Py-scale of solvent polarity. 19 Within the silicates family of materials, the OH in the silanol group acts as an active site for adsorption, thus the same type of interaction may be assumed in alcoholic solvents. 20 For normal alcohols, up to octanol, the relationship between the ratio of intensities of band 3 (I 3 , 383 nm) to band 1 (I 1 , 373 nm) and the solvent dielectric constant is nearly linear (see the ESI wfor an illustration). 19, 21 The ratio I 3 : I 1 diminishes as the polarity increases, thus allowing for a good estimate of the host sites' apparent dielectric constant. This linear relationship was also employed to monitor the polarity of the hippocampal membrane upon cholesterol depletion by Saxena and co-workers. 22 
Results and discussion
Sample characterization X-Ray diffraction data and silicates description. X-Ray diffraction patterns for the layered and hexagonal materials, before and after pyrene inclusion, are shown in Fig. 1 . The layered silicate presented peaks relative to diffraction planes 100 (2y = 5.31, d = 1.67 nm), 200 (2y = 11.01, d = 0.80 nm) and 300 (2y = 16.71, d = 0.53 nm), with decreasing intensity. Additionally, the pattern between 2y = 241 and 291 (d = 0.37 and 0.31 nm) confirms that the layers are crystalline. MCM-41 showed peaks relative to planes 100 (2y = 2.121, d = 4.17 nm), 210 (2y = 3.621, d = 2.41 nm), 200 (2y = 4.151, d = 2.10 nm) and 211 (2y = 5.451, d = 1.62 nm), as expected. 1, 2 No peaks are observed at larger angles, indicating that the pore walls are amorphous. MCM-41 is a mesoporous molecular sieve and, as such, displays a large surface area; in fact, the BET area is 883 m 2 g À1 with a pore volume of 0.90 cm 3 g À1 . The pore diameter (4V/SBET) is 4.04 nm.
The Na-magadiite, on the other hand, is a crystalline layered solid with formula Na 2 Si 14 O 29 , whose precise lamella structure is not known. It is composed of superimposed layers separated by 1.67 nm of interlamellar space. It is precisely in this space, between the layers, that Na + ions and water are found. Its surface area is not measurable since the dehydration needed before adsorption of N 2 causes the structure to collapse into a dense phase. 23 For the sake of comparison, magadiite which has been ion exchanged with CTA + , that is CTA-magadiite, presents a surface area of 26 m 2 g À1 (as measured in our laboratories) and an interlamellar space approximately three times larger than Na-magadiite. The conclusion is that the Na-magadiite surface area is very low.
The general profile for the layered material is maintained after pyrene inclusion, indicating that the crystalline structure was preserved after the process. For the MCM-41/pyrene system, the peaks corresponding to planes 210 and 200 are barely detected, probably due to some change in the aggregation properties of MCM-41 particles either during or after the probe inclusion procedure. The absence of these peaks is indicative that the hexagonal arrangement of the pores is not present and they are not parallel anymore. 24, 25 Considering the pore dimensions and the minute amount of pyrene included, it is unlikely that the probe itself may have altered the silicate structure significantly.
Thermogravimetric analysis. Thermogravimetry was used to evaluate the amount of organic material that was incorporated into the silicates. 26 The thermograms of the layered and hexagonal materials before and after probe inclusion are shown in Fig. 2 and 3 . The thermogram for the free magadiite ( Fig. 2 , upper part) shows a mass loss before 450 K which is attributed to water within the structure. This is not observed for the magadiite/pyrene system ( Fig. 2 , lower part), which shows organic material loss between 600 and 760 K, attributed to pyrene. Pristine MCM-41, on the other hand, presents no significant mass loss in the thermogram (Fig. 3, upper part) , whereas the MCM-41/pyrene system shows a mass loss before 400 K, attributed to ethanol, and pyrene is lost between 600 and 740 K ( Fig. 3 , lower part).
It was found that magadiite included 5.1% of pyrene in mass, and MCM-41 included only 1.2%. From this, the following may be inferred: the polarity of magadiite is lower than that of MCM-41. When magadiite is added to the solution of pyrene in ethanol, the water molecules migrate to the solvent phase, giving room for pyrene to enter. MCM-41, being more polar, could accommodate more ethanol molecules and considerably less pyrene.
Considering the dimensions of the void spaces in the silicates only, it would be reasonable to expect just the contrary, i.e., the larger amount of included pyrene should be found in MCM-41.
Fluorescence spectra
Room temperature. These silicates absorb the nitrogen laser radiation but do not emit within the spectral range considered in this work; therefore emission spectra are due solely to pyrene. Spectra of pyrene included in magadiite and MCM-41, at room temperature and atmospheric pressure, are shown in Fig. 4 with the first and third vibronic bands indicated. For the magadiite sample, the emission pattern is characteristic of pyrene monomer (bands between 370 and 420 nm), whereas when included in MCM-41 pyrene shows a considerably different emission pattern, with a broad, symmetrical band between 450 and 550 nm, corresponding to emission due to its excimer. Emission due to monomer now is reduced, partly because of the high intensity excimer emission, and partly because of emission suppression due to oxygen.
Excimer formation is a concentration-dependent process, the larger the pyrene concentration, the higher the probability of excimer observation. It would thus be reasonable to predict that the silicate with the larger amount of probe included should present excimer emission if its diffusion was free.
Probe inclusion depends on physicochemical interactions. In fact, information about a specific site where pyrene can be found is based mainly on the nature of the interactions the site provides. The optimum adjustment is dictated by intermolecular forces, which may be discussed broadly in terms of polarity. It should be stressed that polarity, as discussed here, is somewhat different from the one generally considered for solutions, so the I 3 : I 1 ratio will be related to an apparent dielectric constant value. Silicate polarity stems from electrostatic fields/potentials from cations located in their structure. 27 In these kind of materials pyrene is adsorbed to the surface via silanol groups, which may be isolated, vicinal or geminal, and excimer growth is due to limited movement of excited pyrene and pyrene on the surface. 28 Pyrene has been shown to form ground-state pairs which lead to static excimer emission even at very low surface coverage as a result of a solvent pooling effect induced during solvent removal from the surface. 29 Low temperature. Emission spectra of pyrene included in magadiite recorded at different temperatures are shown in Fig. 5 . It can be seen that the ratio I 3 : I 1 , as well as excimer emission intensity, varies as the temperature changes. As the temperature drops to 273 K a small amount of excimer is formed, and remains practically constant until 12 K. This is a reflection of the limited mobility of the probe within the layers. Emission due to pyrene monomer is still dominant.
Conversely, in Fig. 6 we see that pyrene included in MCM-41 showed a different behavior. The higher probe mobility manifests itself as emission due to pyrene excimer is enhanced when the temperature is decreased until 200 K, but then diminishes abruptly at 147 K and continues to weaken until 15 K. At the end, emission due to monomer also becomes dominant. Additionally, it should be noted that the vibronic bands for pyrene included in MCM-41 are better resolved than for the magadiite sample, which is indicative of a more uniform environment. 20 In this experiment, monomer emission was more evident than initially ( Fig. 4 ) because in this case the sample is inside the cryostat, under vacuum, and that reduces emission suppression due to oxygen.
Relative band intensities and emission due to excimer
The evolution of the I 3 : I 1 ratio with temperature is shown in Fig. 7 . At room temperature, pyrene molecules occupy sites with clearly different polarities in each material. For the magadiite sample, it is seen that, after the first temperature decrement to 273 K, pyrene molecules move to higher polarity View Article Online sites, and the ratio diminishes smoothly until 12 K. In MCM-41, a larger variation of the I 3 : I 1 ratio, towards a less polar medium, occurs after 147 K. At the end, for both materials, pyrene molecules have found sites of similar polarity, equivalent to that of ethanol (for MCM-41) and chloroform (for magadiite). The variation of excimer emission intensity with temperature is shown in Fig. 8 . In the case of magadiite sample, excimer emission seems to be solely governed by polarity. As pyrene molecules move to higher-polarity sites they tend to group closer, facilitating excimer formation. On the other hand, the behavior of excimer formation in MCM-41 shows that some other factor aside from polarity should be considered.
Pyrene is a non-polar molecule and as such is attracted to non-polar environments. The higher value of I 3 : I 1 ratio for magadiite/pyrene system shows that magadiite presents a non-polar environment, similar to octanol (apparent dielectric constant: 11.6), whereas the lower value of the I 3 : I 1 ratio indicates that MCM-41 offers a moderately polar environment. In the case of MCM-41, the apparent dielectric constant of 31.7 corresponds to that of methanol, also in agreement with results from a study using Rhodamine-B lactone and l-naphthylamine as spectroscopic probes. 30 y This explains the larger amount of pyrene molecules included in magadiite despite the smaller size of the interlamellar spaces. This may also explain excimer emission in MCM-41, as this silicate has a more polar environment, pyrene molecules included are forced to group closer, so that they shield each other from the solid's electrostatic field, much the same as the hydrophobic effect operates. This results in a locally increased pyrene concentration, which causes excimer emission to be relevant. Additionally, pore confinement favors molecular encounters within the pores, whereas a large pore size provides a less sterically crowded environment which allows easier molecular motion and contributes to excimer formation. 29 Magadiite included a larger amount of organic material because of its lower polarity. The reduced interlamellar distance forces pyrene molecules to spread through the layers more uniformly, thus making it less favorable for the molecules to group together and form excimers.
These geometrical differences, besides chemical composition, may play an important role in determining the silicates polarity. Na-magadiite layers are nearly parallel and very close to each other, so their electrostactic field may contribute destructively and yield a less-polar environment. MCM-41, on the other hand, has pores so huge that a pyrene molecule would find itself in a curved surface, with a higher resultant electrostatic field, corresponding to a more polar environment.
Experimental Silicates
The silicates were prepared by following the procedures already reported in the literature. 25, 31, 32 Na-magadiite was used as prepared. MCM-41 underwent a Soxhlet extraction with acid ethanol-water (50/50) solution (HCl 0.1 mol dm À3 ) to remove the organic counterpart in the material, then it was calcined. Na-magadiite was prepared in the absence of organics, thus no pretreatment was carried out before pyrene inclusion. y Rhodamine-B is a polar molecule, used in the salt form, much larger than pyrene and with a very broad emission spectrum. There is no direct relationship to pyrene, different probes may present different properties (maximum emission wavelength shift, fluorescence decay lifetime, etc.) which can be somehow related to polarity.
Probe inclusion
Pyrene (99%) was supplied by Aldrich and used to prepare a solution (0.025 mol dm À3 ) in ethanol P.A., supplied by Merck. The silicate (0.20 g) was added to the solution (5 cm 3 ) and magnetically stirred in a round bottomed flask, at room temperature and protected from light, for 24 h. The filtered solid was washed with ethanol (5 cm 3 ) and left to dry at room temperature in the dark.
X-Ray powder diffraction
Samples, before and after pyrene inclusion, were analyzed in the form of hand pressed wafers, in a Shimadzu XD3A instrument, using Cu Ka radiation (1.54 Å ), operating at 20 mA, 30 kV, in a y-2y geometry at a scanning rate of 21 min À1 .
Thermogravimetry
Thermogravimetric analyses were performed in a TGA 2950 TA Instruments for the silicates studied before and after pyrene inclusion. Samples were loaded into aluminium pans and heated at a rate of 20 K min À1 , under argon flux (100 cm 3 min À1 ), from room temperature to 1273 K.
Spectrofluorimetry
Room temperature emission spectra were obtained in an SLM-AMINCO SPF-500C spectrofluorimeter. The samples were held between two quartz disks and positioned on a custom-made support, positioned at 451 in relation to the excitation beam and to the detector. Spectra were obtained with bandwidths of 1 and 0.5 nm for excitation and emission, respectively. The excitation wavelength was 337.5 nm and emission spectra were recorded from 350 to 600 nm, with a 0.25 nm step, with the signal-to-noise ratio enhanced by averaging 5 scans.
For the low temperature measurements, samples were placed in a helium-pumped APD DE-204SL cryostat, interfaced to a Scientific Instruments 9650 temperature controller. During cooling, after each adjusted temperature was reached, an interval of 15 min was allowed before data acquisition. Excitation was accomplished by using an Avco C950A pulsed nitrogen laser with peak power of 100 kW, mean power 100 mW and 10 ns pulse width, operated with 2.67 kPa nitrogen pressure, voltage 13 kV, and pulse frequency 20 Hz. The signal was detected by a Hamamatsu R928 photomultiplier, attached to a SPEX 500M monochromator with slits set to 50 mm, 0.5 m optical path, and 0.02 nm resolution. The photomultiplier signal is sent to a Box-Car synchronous integrator from Stanford Research Instruments SR250 which triggers a two-channel Tektronix 1420A oscilloscope. A computer is interfaced for data acquisition and treatment. 33, 34 
Conclusions
Pyrene has shown to be a versatile fluorescent probe to assess polarity of silicate materials. It can be handled easily and causes minor structure disturbances to the silicates under study. MCM-41 and magadiite showed different polarities when studied under the same temperature, a feature that makes both interesting for different applications. Magadiite can be used when a lipophilic silicate is required, exactly the property responsible for the larger amount of pyrene included, and MCM-41 can be used as a more hydrophilic material. It was also observed that different sites exist within the same material, and they can be probed by pyrene after variation of temperature. In this way, a reasonable control of which sites are subjected to specific interventions can be attained.
